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Cytokine-mobilized peripheral blood cells have been shown 
to participate in hematopoietic recovery after bone marrow 
(BM) transplantation, and are proposed to be useful targets 
for retrovirus-mediated gene transfer protocols. We treated 
mice with granulocyte colony-stimulating factor (G-CSF) and 
stem cell factor (SCR to mobilize hematopoietic progenitor 
cells into the peripheral blood. These cells were analyzed 
for the number and frequency of pluripotent hematopoietic 
stem cells (PHSC). We found that splenectomized animals 
treated for 5 days with G-CSF and SCF showed a threefold 
increase in the absolute number of PHSC over normal mice. 
The number of peripheral-blood PHSC increased 250-fold 
from 29 per untreated mouse to 7,200 in peripheral-blood 
PHSC in splenectomized animals treated for 5 days with G- 

IN NORMAL individuals the number and frequency of 
hematopoietic progenitor cells in the peripheral circula- 
tion is only a small fraction of the number and frequency 
of similar progenitor cells in the bone marrow (BM). 1 The 
infusion of hematopoietic growth factors or cytokines into 
patients has been shown to result in an increase in both 
the number and frequency of hematopoietic progenitor cells 
(CFU-C, CFU-mix, burst-forming unit-erythroid [BFU-E], 
etc) in the peripheral blood. 2,3 These mobilized hematopoi- 
etic progenitor cells have been collected and used to provide 
support for autologous BM transplantation (BMT) in patients 
undergoing high-dose chemotherapy for breast or ovarian 
cancer. 4 " 6 The infusion of mobilized hematopoietic progeni- 
tor cells from peripheral blood together with BM cells has 
been shown to reduce the period of neutropenia after trans- 
plantation. 7 In addition, hematopoietic engraftment has been 
shown after the transplantation of mobilized peripheral blood 
cells alone. 8 The ability of peripheral blood cells to partici- 
pate in hematopoietic recovery has lead to the hypothesis 
that pluripotent hematopoietic stem cells (PHSC) are among 
the cells mobilized into the peripheral blood. 7,9 

Animal models have been used to confirm this hypothesis. 
Peripheral blood ceils collected after treatment with granulo- 
cyte colony-stimulating factor (G-CSF) or stem cell factor 
(SCF) have been shown to completely repopulate lethally 
irradiated mice and baboons. 10 12 We have previously treated 
mice with SCF. Compared with untreated mice, SCF-treated 
animals have threefold more PHSC/animal, with 10- and 14- 
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CSF and SCF. Peripheral blood PHSC mobilized by treatment 
with G-CSF and SCF were analyzed for their ability to be 
transduced by retroviral vectors. Peripheral-blood PHSC 
from splenectomized animals G-CSF and SCF were trans- 
duced with a recombinant retrovirus containing the human 
MDR-1 gene. The frequency of gene transfer into peripheral 
blood PHSC from animals treated for 5 and 7 days was two- 
fold and threefold higher than gene transfer into PHSC from 
the BM of 5-fluorouracil-treated mice (P< .01). We conclude 
that peripheral blood stem cells mobilized by treatment with 
G-CSF and SCF are excellent targets for retrovirus-mediated 
gene transfer. 

This is a US government work. There are no restrictions on 
its use. 

fold increases in the number of peripheral blood and spleen 
PHSC, respectively. 13 

In vitro studies have shown that mobilized peripheral 
blood progenitor cells are efficiently transduced by recombi- 
nant retroviruses. 1415 In a study by Cassel et al 14 the effi- 
ciency of gene transfer into CFU-C mobilized into the pe- 
ripheral blood by a combination of cytokines and cytotoxic 
drugs was compared with the efficiency of gene transfer into 
BM CFU-C. The results showed clearly that the mobilized 
peripheral blood progenitor cells were more efficiently trans- 
duced, leading the investigators to propose that mobilized 
peripheral blood hematopoietic cells might be an alternative 
to BM cells for gene-therapy protocols. 1 3 ,4 

In our previous study we showed that the efficiency of 
retrovirus-mediated gene transfer into SCF-mobilized pe- 
ripheral blood and spleen PHSC was less efficient than gene 
transfer into PHSC in the BM of 5-fluorouracil (5-FU)- 
treated mice. 13 Bridell et al 16 and others have recently shown 
that mice treated with both G-CSF and SCF have greater 
numbers of hematopoietic progenitor cells in the peripheral 
blood than mice treated with either cytokine alone. The re- 
sults were particularly pronounced in splenectomized ani- 
mals. 1 ^ 8 

In this study we evaluate splenectomized mice treated with 
the combination of G-CSF and SCF for both gene transfer 
efficiency into peripheral blood PHSC and for the number 
and distribution of PHSC in the treated animals. Our results 
show that treatment with the combination of G-CSF and 
SCF causes a greater expansion of peripheral blood PHSC 
than treatment with either cytokine alone. In addition, the 
efficiency of gene transfer into peripheral blood PHSC col- 
lected after 5 or 7 days of treatment with G-CSF and SCF 
was greater than the efficiency of gene transfer into PHSC 
from the BM of 5-FU-treated mice. 

MATERIALS AND METHODS 

Mice. All mice were purchased from the Jackson Laboratory 
(Bar Harbor, ME). Young adult (6 to 8 weeks) female, intact or 
splenectomized C57BL/6J mice were used as donors of peripheral 
blood or BM in all experiments. Experiments involving splenecto- 
mized mice were initiated at least 14 days postsplenectomy. Compet- 
itor marrow for the competitive repopulation assay was obtained 
from B6.C H-1 b /ByJ (HW80) mice, which are congenic with C57BL/ 
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6J mice except for single allelic differences at the mouse 0-globin 
locus. 19 Recipients for gene transfer experiments were genetically 
anemic WBB6F r W7W v mice. Recipients for the CFU-S assay 20 were 
lethally irradiated (900 rad) WBB6F,-+/+ mice. Recipients for the 
competitive repopulation assay 31 were either WBB6F r W/W v mice 
or lethally irradiated (950 rad) WBB6F r +/+ mice. No significant 
differences were observed between irradiated or genetically anemic 
recipients in the competitive repopulation assay. 

Growth factors. Recombinant human (rh) G-CSF, recombinant 
rat SCF complexed with polyethylene glycol (SCF), recombinant 
rat SCF (rrSCF), and rh interleukin-6 (rhIL-6) were all supplied by 
Amgen Inc (Thousand Oaks, CA). Endotoxin levels were shown to 
be less than 2 pg//ig of protein. The G-CSF and SCF were supplied 
at a concentrations of 530 pg/mL and 1.0 mg/mL, respectively, and 
stored at 4°C until use. In previous work, Bridell et al 16 showed that a 
daily dose of 200 /ig/kg/d of hG-CSF and 50 /ig/kg/d of polyethylene 
glycol rrSCF mobilized maximal numbers of hematopoietic progeni- 
tor cells into the peripheral blood, including the primiti ve high prolif- 
erative potential colony-forming cell (HPP-CFC). For injection, 
G-CSF and SCF were combined at a concentration of 40 ng/triL 
G-CSF, and 10 pg/mL SCF in phosphate-buffered saline (PBS) con- 
taining 0.1% bovine serum alburnin (BSA). Donor mice (average 
weight 20 g) were injected daily with 100 fiL subcutaneously. The 
rrSCF and IL-6 were supplied at concentrations of 1.56 mg/mL and 
3.0 mg/mL, respectively. The factors were ah quoted and stored at 
-70°C until use. Recombinant mouse IL-3 was purchased from 
Pepro Tech (Canton, MA). IL-3 was diluted to a concentration of 
1.0 mg/mL in PBS, aliquoted, and stored at -70°C. 

Hematology. Peripheral blood was collected from the retroor- 
bital sinus into heparinized capillary tubes (Thomas Scientific, 
Swedesboro, NJ). The peripheral blood white blood cell (WBC) 
count and red blood cell (RBC) count was determined on a Coulter 
ZM counter (Coulter Electronics, Hialeah, FL). Hematocrits were 
determined after centrifugation in an EEC (Needham, MA) micro- 
hematocrit centrifuge. Differential counts were determined by exam- 
ination of blood smears from five different animals (at least 100 
cells counted/animal) stained with Wright* s Giemsa. 

Harvest of hematopoietic cells. Peripheral blood was collected 
under sterile conditions into heparinized saline from the retroorbital 
sinus using a Pasteur pipette. An average of 1 raL (of an estimated 
blood volume of 1.8 mL) per mouse was collected. Mononuclear 
cells were collected after centrifugation through lymphocyte separa- 
tion medium (LSM; Organon Teknika, Durham, NC) according to 
the manufacturer's instructions. BM cells were collected by flushing 
the contents of femurs and tibias into Dulbecco's minimal essential 
medium with 15% fetal calf serum (FCS) (Hyclone, Logan, UT), 4 
mmol L-glutamine, 50 mg/mL penicillin, and 50 mg/mL streptomy- 
cin (all from GIBCO, Gaithersburg, MD). Single-cell suspensions 
were generated by passing the marrow through a 21 -gauge needle. 
Cell counts were performed using a hemacytometer after lysis of 
the RBCs in 2% acetic acid. 

Colony-forming unit-spleen (CFU-S) and competitive repopula- 
tion assays. CFU-S assays were performed essentially as de- 
scribed. 20 WBB6F, mice irradiated with 900 rad from a Cs 1 " source 
(GammaCell, Atomic Energy of Canada, Toronto, Ontario) were 
used as recipients. Between 1 x 10 6 and I X 10* peripheral blood 
mononuclear cells (PBMCs) isolated from cytokine-treated C57BL/ 
6J donors were injected intravenously. Spleens were collected on 
day 14 postinjection, fixed in Telleyesniczky's fixative (70% ethanol: 
formaldehyde: acetic acid; 20:1:1), and the foci counted. The com- 
petitive repopulation assay was performed as described by Har- 
rison. 21 PBMCs or BM cells from cytokine-treated C57BL/6 mice 
were mixed with an identical number of BM cells from untreated 
HW80. C57BL/6 and HW80 mice have genetically distinguishable 
hemoglobins at both the protein and DNA levels. C57BL/6 mice are 
homozygous for the single allele at the mouse ^-globin locus. In 



C57BL/6 mice the 0-globin genes are located on two 10-kb £a>RI 
fragments. HW80 mice are homozygous for the diffuse allele at the 
mouse 0-globin locus. In HW80 mice the 0-gIobin genes are located 
on 7-kb and 14-kb EcoKI fragments. 19 The cell concentrations were 
adjusted such that each recipient mouse received 1 X 10 7 cells from 
each donor. These conditions have been shown to accurately reflect 
10-fold differences in repopulating ability and are accurate to the 
limits of experimental error (3% to 5%). 22 ^ 3 The relative amounts 
of single and diffuse hemoglobin were determined by electrophoresis 
on cellulose acetate gels. 24 Four months or more posttransplantation, 
the animals were killed to determine the relative number of the fi**** 
and /5 d,mwe alleles in DNA from the BM and thymus. After digestion 
with EcoRl the DNA was analyzed by Southern blot using a 611- 
bp BamHUPst I fragment from IVS2 of the mouse p™*" gene 19 as 
a probe. 

Enrichment of pluripotent hematopoietic stem cells. The enrich- 
ment of pluripotent hematopoietic stem cells was performed as pre- 
viously described. 1 PBMCs from cytokine-treated mice were incu- 
bated with a mixture of fluorescein isothiocyanate (FTTC)-conjugated 
monoclonal antibodies (MoAbs) directed against murine hematopoi- 
etic lineage markers (Lin*). Cells expressing c-kit were identified 
with the phycoerythrin-conjugated MoAb ACK-4 (a gift of S.I. Ni- 
shikawa, Kumamoto, Japan). During fluorescence-activated cell 
sorter (FACS) enrichment of PHSC, FITC-stained Lin* cells were 
gated out. Three populations of Lin" cells were observed: Lin", c- 
kir (>90%); Lin", c-kit** (-9%); and Lin", c-kit**** (<0.5%). 
We have shown previously that all of the pluripotent hematopoietic 
stem cells in the peripheral blood of cytokine-treated mice are Lin", 
c-kit"**." 

Retrovirus-mediated gene transfer. The retrovirus producer cell 
lines containing the human multidrug resistance gene (MDR-1) have 
been described previously, 26 as has the procedure for retrovirus- 
mediated gene transfer. 27 * 28 Briefly, peripheral blood cells from cy- 
tokine-treated mice were collected and subjected to one of two gene 
transfer protocols. In the first protocol, PBMCs from cytokine-treated 
mice or BM cells from 5-FU-treated mice were suspended at 5 X 
10 5 cells per mL in Dulbecco's modified Eaglet medium (DMEM) 
with 15% FCS, 4 mmol L-glutamine, 50 mg/mL penicillin, 50 ml/ 
mL streptomycin, 100 ng/raL SCF, 100 ng/mL human EL-6, and 10 
ng/mL EL-3. These cells were placed into suspension culture for a 
48-hour prestimulation. The cells were then collected, washed, and 
cultured for an additional 48 hours on a monolayer of retrovirus 
producer cells in identical medium and growth factors plus 6 fig/ 
mL polybrene (Sigma, St Louis, MO). In the second protocol, which 
was only used for PBMCs, the prestimulation step was eliminated 
and the cells were cultured directly on monolayers of producer cells 
in the presence of growth factors and polybrene. After transduction 
the cells were collected and 2 X 10 6 cells were injected into 
WBBdFl-HW* recipients. 

RESULTS 

Effects of G-CSF and SCF treatment on normal and sple- 
nectomized mice. Groups of 5 to 10 intact or splenecto- 
mized C57BL/6 mice were treated daily for up to 7 days 
with G-CSF and SCF, or with carrier alone. The recipients 
were evaluated daily for the peripheral WBC and RBC count, 
the differential WBC count, and hematocrit. No changes in 
the RBC or hematocrit were detected in any of the four 
groups (data not shown). Likewise, no changes in the WBC 
count or differential count were observed in the animals 
treated with carrier alone (Fig 1). In contrast, there was a 
significant (P < .01) increase in the WBCs of splenecto- 
mized animals treated for 2 or more days and of intact ani- 
mals treated for 4 or more days with G-CSF and SCF. The 
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Days of Treatment 

Fig 1 . Treatment of mice with G-CSF and SCF increases the WBC 
count. SpLenectomlzed (■) or intact (•) mica ware treated with daily 

doaea of 200 pg/kg G-CSF and 50 Mfl/kg SCF in 0.1% BSA ( 1 

Control aplanactomized (■) or intact (•) mice were treated with daily 

doaea of 0.1% BSA ( ). Peripheral blood <~50 pU was withdrawn 

daily and analyzed for cell number. The points represent the mean 
and standard deviation for a minimum of 10 animals observed in at 
least two separate experiments. There was no change in the RBC 
count or hematocrit in any group of animals. 



response to G-CSF and SCF treatment was particularly pro- 
nounced in the splenectomized animals, reaching a maxi- 
mum of 94.7 X 10 3 cells//iL after 5 days of treatment, 
whereas a maximum of 37.2 X 10 3 cells//zL was achieved 
after 7 days of treatment in the intact mice (Fig 1). These 
results differ from those of Bridell et al 16 in that they use a 
different strain of mice (C57BL/6 as opposed to B6D2F1) 
and the time course of the increase in WBCs is depicted. 

Most of the increase in the WBCs was caused by an 
increase in the number of peripheral blood granulocytes, the 
percentage of which increased almost fourfold during the 
course of treatment (Table 1; P < .001). The frequency of 
CFU-S in the peripheral blood of untreated splenectomized 
mice was higher than in the peripheral blood of intact mice 
(0.1 v 1.9; P < .01). The frequency of CFU-S in the periph- 
eral blood of splenectomized mice treated with G-CSF and 
SCF increased significantly after 3 days of treatment, reach- 



ing a maximum of 19.0 ± 4.9 CFU-S/10 5 cells injected after 
7 days (Table 1; P < .001). 

Effects of G-CSF and SCF treatment on the repopulating 
ability of peripheral blood and BM cells. To assay for 
pluripotent hematopoietic stem cells, a competitive repopula- 
tion assay was used. C57BL/6J mice, either intact or splenec- 
tomized, were treated for various lengths of time with G- 
CSF and SCF. Peripheral blood and BM cells were collected 
from these animals and mixed with an equal number of 
BM cells from intact untreated HW80 mice. C57BL/6J and 
HW80 mice are genetically identical except at the 0-globin 
locus, where C57BL/6J mice are homozygous for the single 
allele, and HW80 mice homozygous for the diffuse allele. 
The 1:1 cell mixtures are then injected into histocompatible 
recipients, either lethally irradiated WBB6F,-+/+ or geneti- 
cally anemic WBB6F,-WW V (WW*) mice, such that each 
recipient received 1 X 10 7 cells from each donor (Fig 2). 
After reconstitution with the transplanted cells the relative 
number of RBCs derived from each of the donor strains can 
be measured by quantifying the amount of single and diffuse 
hemoglobin in the peripheral blood. The relative repopulat- 
ing ability is expressed as the ratio of the amount of C57BL/ 
6J-derived hemoglobin to the total amount of C57BL76J- 
and HW80-derived hemoglobin. Likewise, the relative num- 
ber of lymphoid and myeloid cells derived from each donor 
can be established by assaying for the relative amount of the 
single and diffuse hemoglobin alleles in DN A extracted from 
the thymus and BM using the EcoRI restriction fragment 
length polymorphisms, 29 Previous studies have shown that 
when greater than 10 6 cells are injected this assay is quantita- 
tive and accurate to the limits of an experimental error of 
3% to 5%?™ 

BM cells from untreated splenectomized mice and un- 
treated intact mice repopulate equivalently, resulting in ap- 
proximately 50% of single and diffuse hemoglobin in the 
repopulated recipients (Day 0, Fig 3). Treatment of splenec- 
tomized mice with G-CSF and SCF resulted in an initial 
increase in repopulating ability relative to untreated marrow 
after 3 days of treatment (P < .01) followed by a decrease 



Table 1. Effects of G-CSF and SCF Treatment on the Number and Distribution of Peripheral Blood Cells 

Day WBC* % Lymphocytes % Granulocytes % Monocytes CFU-S U 10* PBMCs 



Splenectomized mice 



0 


10.7 £ 2.9 


80.6 £ 0.9 


15.6 £ 1.1 


3.8 £ 0.8 


1.9 £ 1.0 


1 


12.8 £ 3.5 


65.6 ± 5.9T 


31.6 ±7.1t 


3.0 £ 1.6 


ND 


3 


57.4 ± 13.5T 


55.8 ± 3.1 1 


39.8 £ 7.4t 


4.8 £ 0.9 


7.8 £ 1.0t 


5 


94.7 £ 8.9t 


42.6 £ 2.3t 


54.8 £ 3.1t 


2.4 £ 1.1 


13.1 £ 3.3t 


7 


89.9 £ 16.8T 


39.8 * 5.9T 


58.4 £ 4.2T 


1.8 ± 2.5 


19.0 £ 4.9 1 


Normal mice 












0 


5.3 £ 1.8 


78.2 ± 1.5 


18.4 £ 1.3 


3.4 £ 0,7 


0.1 + 0.2 


1 


6.9 ± 1.8 


72.7 £ 3.1 


24.0 - 4.1t 


3.3 £ 1.1 


ND 


3 


12.0 £ 2.6t 


67.4 ± 4.3T 


29.2 ± 5.1T 


3.4 £ 0.8 


ND 


5 


39.4 ± 11.4t 


62.0 ± 5.5T 


34.1 £ 7.9T 


3.9 £ 1.4 


ND 


7 


47.3 £ 9.5t 


56.8 £ 6.2t 


40.9 £ 5.6t 


2.3 £ 1.7 


ND 



n a 10 for each WBC, representing at least two separate experiments, n > 5 for % lymphocytes, granulocytes, and monocytes, representing 
at least two separate experiments, n > 25 CFU-S colonies loceted on at least 10 spleens in two separate experiments. 
Abbreviation: ND, not done. 
♦ Number of WBCs x irZ/mL 
t P < .001 relative to day 0. 
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Fig 2. The competitive re- 
population assay. In this exam- 
ple the donor mouse is C57BL/ 
6J, which is homozygous for 
"single" hemoglobin (shown at 
the upper left of the figure), and 
is treated with G-CSF and SCF 
daily. PBMCs or BM cells are col- 
lected from mice after 0, 1, 3, 5, 
or 7 days of treatment and mixed 
with an equal number of BM 
cells from untreated HW80 mice. 
The HW80 strain is congentc 
with C57BL/6J and is homozy- 
gous for "diffuse" hemoglobin 
(shown at the middle left of the 
figure). The cell mixtures are in- 
jected into either irradiated 
WBB6F1 +/+ or genetically ane- 
mic WBB6FVIV/IV recipients 
that have a "single/diffuse" he- 
moglobin pattern (heterozygous 
for "single" and "diffuse" hemo- 
globin, shown at the lower left 
of the figure). The proportion of 
"single" and "diffuse" hemoglo- 
bin present after complete re- 
popuiation (4 months) is propor- 
tional to the relative number of 
pluripotent hematopoietic stem 
cells injected. 21 - 22 
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2) Southern Blots of DNA From Thymus 
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0 13 5 7 

Days of Treatment 



Fig 3. Competitive repopulating ability of BM cells from splenec- 
tomized mice treated with G-CSF and SCF (■) versus BM cells from 
intact untreated mice (□). BM cells were collected from splenecto- 
mized C57BL/6J mice (single hemoglobin) after the Indicated days 
of treatment and competed against BM cells from HW80 mice (diffuse 
hemoglobin). The percentage and standard deviation of single and 
diffuse hemoglobins present in the peripheral blood 4 months post- 
transplantation are shown. Each bar represents the average of at 
least 10 mice from at least two separate experiments. 



in the repopulating ability after 5 and 7 days of treatment 
(Fig 3 and Table 2; P < .001). The repopulating ability of 
BM from splenectomized mice decreased to less than 30% 
of the normal level after 7 days of treatment. Similar, but 
less pronounced, effects were observed in intact mice. 

The amount of hemoglobin derived from peripheral blood 
cells from untreated intact or splenectomized mice was less 
than 20% of that of BM cells from untreated intact mice. 
After 3 days of treatment with G-CSF and SCF, the amount 
of hemoglobin derived from peripheral blood cells from un- 
treated intact or splenectomized mice increased significantly 
(P < .01), indicating an increase in the number of PHSC in 
the peripheral blood in response to treatment with G-CSF 
and SCF (Fig 4 and Table 2). In splenectomized mice the 
amount of hemoglobin derived from peripheral blood cells 
from mice treated for 3 to 7 days exceeded that of a similar 
number of BM cells (Fig 4 and Table 2; P < .01). The 
greatest concentration of peripheral blood PHSC was ob- 
served in both intact and splenectomized mice after 5 days 
of treatment (Fig 4 and Table 2; P < .001). This effect was 
most pronounced in the splenectomized mice where over 
90% of the hemoglobin was derived from peripheral blood 
PHSC (Table 2). Southern blot analysis of DNA from the 
BM and thymus showed that the relative ratios of the /T lnglc 
and (5™** alleles was similar to the relative ratio of single 
and diffuse hemoglobin 29 (and data not shown). 

The ratio of single to diffuse hemoglobin can be used to 
calculate the repopulating ability of a given population of 
cells relative to normal BM cells." Multiplying the relative 
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Table 2. Effects of G-CSF and SCF Treatment on the depopulating Ability of Peripherel Blood and Bone Marrow Celts 



Day 



Normal 



Splenectomizod 



% Hb From Cytokine-Treated 
Peripheral Blood 



% Hb From Untreated 
Marrow 



% Hb From Cytokine-Treated 



% Hb From Untreated 
Marrow 



12.4 + 3.6 
ND 

20.5 + 6.9* 
36.9 + 5.7t 
32.4 + 4.9t 

% Hb From Cytokine-Treated 
Marrow 



87.6 + 3.6 
ND 

79.5 + 6.9 
63.1 + 5.7 

67.6 + 4.9 

% Hb From Untreated 
Marrow 



15.3 + 3.2 
21.7 + 8.1 
80.6 + 3.7t 
90.1 + 4.5t 
80.1 + 5.7 1 

% Hb From Cytokine-Treated 
Marrow 



61.1 + 4.0 
ND 

56.8 + 4.9 

46.2 + 4.7 

26.9 + 4.1t 



48.9 + 4.0 

ND 
43.2 + 4.9 
53.8 + 4.7 
73.1 + 4.1 



52.3 + 4.3 

54.3 + 4.1 

59.4 + 3.4* 
41.7 + 3.0t 

22.5 + 4.9t 



84.7 + 3.2 

78.3 + 8.1 

19.4 + 3.7 
9.9 + 4.5 

19.9 + 5.7 

% Hb From Untreated 
Marrow 



47.7 + 4.3 
45.7 + 4.1 
40.6 + 3.4 
58.3 + 3.0 
77.5 + 4.9 



The percentage of hemoglobin (Hb) derived from hematopoietic cells from cytokine-treated mice (C57BU6 single Hb) and competitor BM 
from untreated mice (HW80 diffuse Hb) was determined after cellulose acetate electrophoresis. Each data point represents the average of at 
least 10 mice from at least two separate experiments. 

Abbreviation: ND, not done. 

* P < .01 relative to day 0. 

t P < .001 relative to day 0. 



repopulating ability by the estimated frequency of PHSC in 
normal BM generates an estimated frequency of PHSC in 
the test population (see example in the legend of Table 3). 
The frequency of PHSC in the peripheral blood and BM 
cells from splenectomized mice treated for 5 days with G- 
CSF and SCF was 9.01 and 0.71 PHSC/10 5 cells, respec- 
tively (Table 3). 

Effects of G-CSF and SCF treatment on the absolute num- 
ber of hematopoietic stem cells/mouse. The PHSC frequen- 



100 - 




Days of Treatment 



Fig 4. Competitive repopulating ability of PBMCs from splenecto- 
mized mice treated with G-CSF and SCF (B) versus BM cells from 
intact untreated mice (□). PBMCs were collected from splenecto- 
mized CS7BL/6J mice (single hemoglobin) after the Indicated days 
of treatment end competed against BM cells from HW80 mice (diffuse 
hemoglobin). The percentage and standard deviation of single and 
diffuse hemoglobins present In the peripheral blood 4 months post- 
transplantation are shown. Each bar represents the average of at 
least 10 mice from at least two separate experiments. 



cies were multiplied by the total number of PBMCs and BM 
cells per mouse to estimate the absolute number of PHSC 
per mouse. The number of peripheral blood cells was calcu- 
lated from the WBC and differential counts in Table 1, based 
on a blood volume of 1 .8 mL/mouse. The BM cellularity of 
mice treated with G-CSF and SCF was unchanged relative 
to normal intact mice, so the estimate of 2.4 X 10 8 BM cells/ 
mouse calculated by Chervenick et al 30 was used. Using 
these calculations we previously showed that normal mice 
have an estimated 3,000 stem cells, with approximately 
2,400 in the marrow, 550 in the spleen, and less than 10 in 
the peripheral blood. 13 Untreated splenectomized mice have 
slightly fewer PHSC because of the removal of the spleen 
(Table 3). With treatment of splenectomized mice for 5 days 
with G-CSF and SCF, the absolute number of PHSC in- 
creased to approximately 9,000, with over 7,000 in the pe- 
ripheral blood (Table 3). 

We have previously shown that PHSC and CFU-S from 
BM and peripheral blood can be highly enriched by selecting 
for cells that do not express markers for the erythroid, my- 
eloid, and lymphoid lineages (Lin"), and express high levels 
of c-kit (c-&> BR ). 13,25 The percentage and absolute number 
of cells with the Lin", c-fa7 BR phenotype in the peripheral 
blood of splenectomized mice treated with G-CSF and SCF 
increased and decreased in parallel with the number of PHSC 
and CFU-S (Table 3). These results establish that treatment 
with G-CSF and SCF increases both the number of periph- 
eral blood PHSC (as measured by the competitive repopula- 
tion assay) and the number of circulating cells with the Lin", 
c-kit BR phenotype (among which are concentrated CFU-S 
and PHSC). 

Gene transfer into peripheral blood PHSC mobilized by 
G-CSF and SCF. The efficiency of gene transfer into 
PHSC mobilized into the peripheral blood by treatment with 
G-CSF and SCF was compared with gene transfer into PHSC 
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Relative Repopu latino 




Estimated 




Exp 2 


Day 


Tissue 


Activity* 


Cellularityt 


No. PHSC* 


Expl 


0 


PBMC 


0.18 


1.6 X 10 7 


29 


0.01 


0.01 




BM 


1.09 


o a v in 8 


2 616 
Total 2,645 






1 


PBMC 


0.28 


1.6 x 10 7 


45 


ND 


ND 




ou 
BM 


1 1Q 

I.IK 


2.4 X 10* 


2,856 
Total 2,901 








rovnv. 


4.15 


6.8 X 10 7 


2,822 


0.6 


0.3 




BM 


1.46 


2.4 X 10 8 


3,504 
Total 6,326 






5 


PBMC 


9.01 


8.0 x 10 7 


7,208 


2.2 


1.1 




BM 


0.71 


2.4 X 10 8 


1,704 
Total 8,912 






7 


PBMC 
BM 


4.03 
0.29 


6.8 X 10 7 
2.4 x 10 8 


2,740 
Total 3,436 


0.6 


0.5 


Untreated 


PBMC 


0.14 


7.0 X 10 a 


10 






Normal 


SP 


0.24 


2.3 x 10 8 


550 








BM 


1.0 


2.4 x 10" 


2,400 
Total 2.960 







Abbreviations: SP, spleen cells; ND, not done. 

* Calculated from the data in Figs 3 and 4 and Table 2. 



%HbFrom Experimental Population = Re|atjve R |atjng AbiIjty 
%Hb From Control Population 

This value multiplied by the estimated frequency of PHSC in the BM of normal mice (1 PHSC/10* cells) gives an estimated frequency of PHSC 
in the experimental population. Example: 

1 PHSC 



%Hb Day 7 PBMC (80.1) t 

%Hb Normal BM (19.9) ~ 10 s BM Cells 



» 4.03 PHSC/10 6 Day 7 PBMC 



t Total number of nucleated cells per mouse in the indicated tissues. The peripheral blood values were calculated from the data in Table 1, 
using an estimated blood volume of 1.8 mL/mouse. For BM the estimate of Chervenick et af" was used. No differences in the cellularity of 
normal, splenectomized, or cytokine-treated mice were observed. Normal values were presented in reference 13. 

t Calculated by multiplying the estimated frequency of PHSC {see* note) by the cellularity. Example: 



4.03 PHSC 



6.8 X 10 7 



10 6 Day 7 PBMC Day 7 PBMC 



2,740 PHSC in Day 7 Peripheral Blood 



present in 5-FU -treated BM cells, which we and others have 
shown is superior for gene transfer. 27,3 1,32 5-FU BM cells and 
cells collected after treatment with G-CSF and SCF were 
cocultured with one of two retrovirus producer cell lines, 
each containing the human multidrug resistance gene (MDR- 
y). 26 In the 18.1 cell line, the MDR-1 gene is contained in a 
Harvey sarcoma virus backbone, whereas in the Eco-8 cell 
line, the MDR-1 gene is contained in a Moloney murine 
leukemia virus backbone. We also compared two protocols 
for transducing peripheral blood PHSC. The first protocol is 
identical to the protocol described for 5-FU -treated marrow, 
and it includes a 48-hour prestimulation in suspension cul- 
ture in the presence of growth factors followed by a 48-hour 
coculture with the producer cells. The second protocol omits 
the prestimulation step, and the peripheral blood cells are 
cocultured directly with the producer cells for 48 hours. 
We have shown previously that omitting the prestimulation 
reduces gene transfer to BM PHSC by over 10-fold. 28 Our 
rationale for omitting prestimulation for peripheral blood 
PHSC transduction was to test the hypothesis that the cyto- 



kine treatment in vivo had prepared the cells for optimal 
transduction. 

After transduction, the cells were returned to HVW* recipi- 
ent mice, which were analyzed for the presence and copy 
number of the MDR provirus 4 months posttransplantation 
by polymerase chain reaction (PCR) analysis of peripheral 
blood DNA using primers specific for the human MDR-1 
gene. Work by several groups including ourselves has shown 
that results observed at 4 months are caused by PHSC and 
not by short-term progenitor cells. 22 ' 23,27 ' 28 ' 33 

Gene transfer was observed in 32 of 33 recipients of trans- 
duced 5-FU BM cells (Table 4), which showed that our 
producer cells performed reliably from experiment to experi- 
ment. Regardless of the producer cell line or the protocol 
used, negligible gene transfer (2/60) was observed in the 
recipients of transduced peripheral blood cells from un- 
treated mice or from mice treated for I day with G-CSF and 
SCF (Table 4). Efficient gene transfer was observed in the 
recipients of transduced peripheral blood cells collected after 
3 to 7 days of treatment with G-CSF and SCF (Table 4). 
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Table 4. Gene Transfer Into Pe ripheral Blood PHSC Mobilized by Treatment of Spenectomfced Mice With G-CSF and SCF 

No. Mice Containing MOR Proviral Sequences* 



No. Mice Injected 



Days of Treetment 



Exp. 


Virus 


5-FU Marrow 


Protocol 


0 


1 


3 


5 


7 


1 


MDR 18.1 


575 


Prestim + coculture 






10/10 


10/10 


11/12 


2 


MDR 18.1 


676 


Prestim + coculture 


0/5 




4/4 


8/8 


12/12 


3 


MOR Eco 8 


5/5 


Prestim + coculture 


0/12 


1/10 


8/9 


17/17 




4 


MOR 18.1 


5/5 


Direct coculture 






5/12 


11/12 


'8/8 


5 


MDR Eco 8 


5/6 


Direct coculture 


0/6 


0/6 


3/8 


8/8 




6 


MDR Eco 8 


6/6 


Direct coculture 


1/6 




4/7 


6/6 





• Date collected 4 months posttransplantation. 



The omission of the prestimulation step caused the gene 
transfer efficiency to drop to 50% positive recipients when 
cells were collected after 3 days of treatment with G-CSF 
and SCF, but had little or no effect on gene transfer into 
cells collected after 5 or 7 days of treatment (Table 4). 

The screen for proviral sequences described above does 
not assay for copy number and may reflect efficient gene 
transfer to many PHSC or inefficient gene transfer to a small 
number of PHSC. Inspection of the PCR signals suggested 
that the intensity of the MDR-1 signal was greater in the 
DNA from mice repopulated with cells collected after 5 or 
7 days of treatment with G-CSF and SCF (Fig 5). This 
observation was confirmed by a reanaiysis of the animals in 
experiments 1 and 2 in Table 4 including the concurrent 5- 
FU BM controls and an additional 10 5-FU BM controls 
from another experiment. Peripheral blood DNA from these 
animals was coamplified using primers specific for a portion 
of the endogenous mouse 0-globin gene and the human 
MDR-1 gene. Using a phosphoimager the relative intensities 
of the £-globin and MDR signals could be quantified for an 
estimation of the number of proviral copies per cell. Mice 
repopulated with transduced 5-FU BM cells contained an 
average of 0.23 + 0.12 copies of the MDR-1 provirus per cell 
(Table 5), which is similar to the results we have published 
previously. 26 Mice repopulated with transduced peripheral 
blood cells collected after 5 and 7 days of treatment had 
contained significantly higher average proviral copy num- 
bers of 0.54 + 0.23 and 0.75 + 0.75, respectively (P < .01 
in both cases; Table 5). 

Southern blot analysis was performed on DNA extracted 
from the animals in experiments 1 and 2 in Table 4. Recipi- 
ents transplanted with peripheral blood cells mobilized by 
G-CSF and SCF treatment for 5 to 7 days showed multiple 
proviral insertion sites that were shared in DNA extracted 
from both the BM and thymus. The number of insertions 
was twofold to fivefold higher than that observed in mice 
repopulated with 5-FU-treated BM cells (data not shown). 
The same DNAs were probed with a mouse /?-globin probe 
to assess the extent of repopulation in the lymphoid and 
myeloid compartments. The recipient W/W mice are hetero- 
zygous at the /?-globin locus and have both the 10-kb band 
of the single haplotype and the 7-kb band of the diffuse 
haplotype, whereas the homozygous C57BL/6 donor mice 
have only the 10-kb band of the single haplotype (Fig 6). 



The repopulated recipients have only the 10-kb band of the 
C57BL/6 donor in both the BM and thymus, showing com- 
plete lymphoid and myeloid repopulation by the cells ex- 
posed to retrovirus (Fig 6). The erythroid compartment was 
also 100% donor derived as evidenced by the presence of 
only single hemoglobin in the repopulated recipients. 

DISCUSSION 

The ability of cytokines and/or cytotoxic drugs to mobilize 
hematopoietic progenitor cells into the peripheral blood of 
experimental animals and humans is well documented. 7 Mo- 
bilized peripheral blood PHSC could be an alternative to 
BM PHSC for gene-therapy protocols, allowing multiple col- 
lections of PHSC or as a means of collecting larger numbers 
of PHSC from patients with fibrodc BM. 15 Several require- 
ments must be met before cytokine-mobilized peripheral 
blood hematopoietic progenitor cells can be considered for 
gene-therapy protocols. First, mobilized peripheral blood 
cells must be shown to contain pluripotent hematopoietic 
stem cells capable of repopulating the lymphoid, myeloid, 
and erythroid compartments of an ablated recipient. Sec- 
ondly, the mobilization should not compromise the donor 
by reducing the number of PHSC per individual. Finally, 
gene transfer into mobilized peripheral blood PHSC must 
be at least as efficient, if not more efficient, than gene transfer 
into BM PHSC. 34 

The results we have described here address all three of 
these points, The effects on peripheral blood cell counts in 
mice treated with the combination of G-CSF and SCF are 
identical to those published previously by Molineux et al 18 
and Bridell et al. 16 Our results extend the previous findings 
by providing a time course for the increase in WBCs, which 
can be used to predict the optimal time to collect peripheral 
blood PHSC in large animals and patients. We have also 
used a quantitative repopulation assay to measure the number 
of repopulating stem cells in the peripheral blood and mar- 
row rather than the radioprotection assays used in earlier 
work. In this study, as in our previous work, we have focused 
on the hematopoietic repopulating cell (PHSC) that is ana- 
lyzed 4 months posttransplantation . 22 ^ 27,2 *- 33 Our results 
show that peripheral blood cells from animals treated with 
SCF alone and with G-CSF and SCF contain cells capable 
of repopulating the erythroid, myeloid, and lymphoid com- 
partments of WW* mice. We believe that these results cou- 
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Fig 5. Gone transfer into mobilized peripheral blood PHSC from splenectomized mice. The figure shows a PCR analysis of DNA extracted 
from the peripheral blood of mice repopulated with cells transduced with a virus containing the human MDR gene. The DNA samples analyzed 
in this figure represent experiment 2 in Table 4. lanes 1 through 5, DNA extracted from mice repopulated with transduced BM from 5-FU- 
treated donor mice; lanes 6 through 9, DNA extracted from mice repopulated with transduced peripheral blood cells collected after 3 days of 
treatment with G-CSF and SCF; lanes 10 through 20. DNA extracted from mice repopulated with transduced peripheral blood cells collected 
after 5 days of treatment with G-CSF and SCF; lanes 21 through 30, DNA extracted from mice repopulated with transduced peripheral blood 
cells collected after 7 days of treatment with G-CSF and SCF; lanes 31 and 32. DNA extracted concurrently from negative control animals. 
Amplification of the same DNA samples with primers specific for the mouse 0-globin gene indicated that all lanes were loaded equivalently 
(see Table 4). 



pled with the presence of shared proviral insertion sites in 
multiple hematopoietic organs establishes gene transfer to 
pluripotent hematopoietic stem cells. 

Although the absolute number of PHSC in the BM de- 
creases after 5 to 7 days of treatment, the absolute number 
of PHSC in the animal increases threefold. These results 
establish that the PHSC mobilized into the peripheral blood 
by treatment with the combination of G-CSF and SCF are 
the result of an expansion of the overall number of PHSC 
in the animal, which more than compensate for the reduction 
in the number of BM PHSC. 

The effects of G-CSF and SCF treatment on the WBC 
count and the number of peripheral blood hematopoietic 
colony-forming cells are greater in splenectomized mice 
treated with G-CSF and SCF than in intact mice. IOJU3JM8 
In this report we show that the overall number of peripheral 
blood PHSC per splenectomized mouse increases nearly 
threefold in response to treatment with G-CSF and SCF 
over untreated splenectomized mice. In previous studies we 



showed that in intact mice treated with SCF alone, most of 
the hematopoietic expansion was in the spleen, which is a 
major site of extramedullar hematopoiesis in the mouse. 11 
We propose that the removal of the spleen allows a greater 



Table 5. Estimated Copy Number of MDR Proviral Sequences in 
Mice Repopulated With Transduced Peripheral Blood PHSC From 
Splenectomized Mice Treated With G-CSF and SCF 





Average No. 






Cell Source 


Copies/Cell* 


n 


P 


5-FU Marrow 


0.23 + 0.19 


21 




3 day PB 


0.08 + 0.06 


8 


.051 


5 day PB 


0.54 + 0.15 


16 


.02 


7 day PB 


0.75 + 0.75 


21 


.003 



Data in this table are derived from the animals in experiments 1 
and 3 in Table 4. 
Abbreviation: PB. peripheral blood. 
•Data collected 4 months posttransplantation. 
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Fig 6. Southern blot analysis of DNA extracted from repopuiated mice. DNA was extracted from the BM and thymus of mice repopulated 
with peripheral blood cells collected after the indicated days of treatment with G-CSF and SCF, digested with fcoRI, and probed with a probe 
for the IVS2 of the mouse pglobin gene. The C57BL/6J donor (D) has comigrating 10-kb bands, whereas the recipient (R) is heterozygous 
and has the 10-kb "single" bands, and the 14.0-kb and 7.0-kb "diffuse" bands. Odd-numbered lanes, BM DNA; even-numbered lanes, thymus 
DNA. Lanes 1 through 6, DNA from mice repopulated with peripheral blood cells collected after 3 days of treatment with G-CSF and SCF; 
lanes 7 through 14, DNA from mice repopulated with peripheral blood cells collected after 5 days of treatment with G-CSF and SCF; lanes 15 
through 20, DNA from mice repopulated with peripheral blood cells collected after 7 days of treatment with G-CSF and SCF. 



redistribution of PHSC into the peripheral blood. In larger 
animals the spleen is not a major site of extramedullary 
hematopoiesis. It is unclear whether splenectomy will be 
required to obtain the maximum number of peripheral blood 
PHSC in larger animals or human patients. 

It has been shown that gene transfer efficiency into human 
CD34' f progenitor cells collected from patients treated with 
cytokines and chemotherapy is greater than into CD34* pro- 
genitor cells from BM. 14,15 Previously we showed that mouse 
peripheral blood and spleen PHSC mobilized by treatment 
with SCF alone could be marked with retroviruses, but that 
the frequency of gene transfer was lower than the frequency 
of gene transfer into BM cells from 5-FU-treated mice. 13 
Treatment of splcnectomized mice with G-CSF and SCF 
mobilizes large numbers of PHSC into the peripheral blood 
that arc more efficiently marked by retroviruses than PHSC 
from the bone marrow of 5-FU-treated mice. We conclude 
that gene transfer into peripheral blood cells from patients 
treated with G-CSF and SCF may be as efficient or more 
efficient than gene transfer into human BM PHSC. Given 
the low rate of gene transfer into BM observed in primate 
and canine model systems,* 4 * 38 cytokine- mobilized peripheral 



blood stem cells present an exciting alternative target for 
retroviral transduction. 
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